Introduction
One of the most important functions of clothing is the protection of human being against environmental factors, especially cold. Clothing creates thermal barrier between the human and surrounding. Different textile materials and different sets of the materials are applied in thermal-insulation clothing. Traditionally, the fabrics ensuring the thermal insulation are made of wool fibers. It is due to the features of wool fibers as natural insulators. Wool insulates against heat and cold. It is comfortable in both hot and cold weather because it absorbs moisture vapor. The crimp and resilience of the wool fibers make them stand apart from each other, creating air gaps between the fibers. Unventilated air trapped in the air gaps is an excellent thermal insulator [1] .
Nevertheless, the wool fibers are stiff and coarse. Due to this fact, they can cause skin irritation or even allergy. Some people, especially those with oversensitive skin, cannot wear the woolen clothing. Due to this fact, scientists are looking for other textile solutions ensuring thermal insulation. The thermal insulation of fabrics and clothing can be improved by appropriate structure of fibers and fabrics, for instance, an application of innovative thermal insulation fibers, such as hollow fibers made of synthetic polymers. The air inside the hollow fibers increases the thermal resistance of fibers and fabrics made of them (Fig. 1 ).
In the area of thermal insulation improvement, there are also some developments concerning yarns. The SPINAIR and LUNAFA yarns by Kurabo can be mentioned here as the examples of thermal insulating yarns. The SPINAIR is so called "hollow cotton yarn". It is made of cotton and polymer Kuralon K-II (modified PVA), using the "focus method" of spinning developed by KURABO [2] . The modified PVA dissolves in water much better and in lower temperature than the ordinary PVA. This property is used to achieve loose structure of yarn and fabrics made of it. First, the fabrics are manufactured from the SPINAIR yarn, and next, the grey fabrics are finished according to the procedure elaborated by the yarn manufacturer. When the Kuralon K-II fibers dissolve in fabric finishing, the structure of yarn then becomes hollow-like, making the yarn and fabric made of it light, soft, and fluffy. Figure 2 presents the SPINAIR yarn worked out from the fabric before and after finishing. It can be seen that in yarn from finished fabric, there are only the cotton fibers because fibers from the polymer Kuralon K-II are dissolved.
According to the declaration of the yarn manufacturer, the fabrics made of the SPINAIR yarn are lighter, more porous, and pleasant in touch in comparison to the fabrics made of conventional cotton yarns [2] . Investigations confirmed that the thermal insulation of the fabrics made of SPINAIR yarn is significantly higher than the thermal resistance of fabric made of standard cotton yarn [3] .
The LUNAFA yarn (developed by Kurabo) is wool-and cottonlayered yarn (Fig. 3 ) It is called as "a winter cotton," because it is always warm and comfortable to the skin. The LUNAFA yarn combines the properties of wool and cotton. Because cotton fibers create the outer layer, the fabrics made of LUNAFA yarn are gentle in touch.
Thermal insulation of textile materials can be increased by designing the 3D (three-dimensional) structure of high porosity such as knitted or woven spacer fabrics. The basic common definition of 3D fabric is that these types of fabrics have a third dimension in the thickness layer [4] . The 3D fabrics are also defined as thick planar sheets or shaped solid forms with multiple layers of yarns, hollow structures, and thin 3D shells [5] [6] [7] .
The knitted spacer fabrics are usually two-face fabrics consisting of two layers: bottom and top connected by spacer filament. The structure of the spacer knitted fabrics ensures high porosity and big amount of air trapped between the bottom and top layer. It ensures high thermal insulation. Such kind of 3D fabrics is applied in different technical textile products such as bullet proof vests, orthosis, cycle gloves, backpacks, and mattresses [8] .
There are also different woven structures that can be considered as 3D. They can be manufactured using 2D or 3D weaving [4] . Depending on the way of manufacturing, the surface properties of the 3D woven fabrics can be different. There are 3D woven fabrics with the smooth surface. Some kinds of the spacer fabrics or two-layer woven fabrics can be included in this group. There are also the 3D woven fabrics with the textured surface created by different elements such as plisse or pleated fabrics, terry fabrics, velvet fabrics, and seersucker fabrics (Fig. 5) .
The 3D structure of the fabrics significantly influences their properties. The main factor of the 3D woven fabrics, especially the two-face ones, is their thickness. It is usually much bigger than that of the standard 2D woven fabrics. The third dimension of the 3D fabrics is crucial feature from the point of view of their thermal insulation. Due to this fact, the two-face woven fabrics are characterized by high thermal insulation. Many investigations confirmed that there is statistically significant positive correlation between the thickness and thermal resistance of the textile materials [1, [10] [11] [12] [13] [14] . The presence of two layers in the fabric also influences the mechanical properties of the fabrics. It results from the structure of multilayer materials and way of interlacing of yarns creating particular layers. In the literature, there are no works published till now that aimed at the two-face cotton woven fabrics of structure elaborated in the frame of presented work for clothing ensuring stilted thermal insulation.
Taking into account the irritating or even allergic action of woolen fibers as well as the problems with laundering the woolen textiles (susceptibility to pilling, long time of drying), it seems to be reasonable and justified to find other materials of good thermal insulation but more pleasant in touch and more friendly for human skin than woolen fabrics.
Experimental
The main goal of the presented work was to design the cotton woven fabrics that ensure thermal resistance higher than that of standard cotton fabrics of basic weaves. It was done in order to combine the excellent hygienic properties of cotton fibers with thermal insulation. The aim of the presented work was achieved by developing the two-face cotton woven fabrics of different structure and analyzing the properties of the developed fabrics from the point of view of the utility comfort of user wearing the clothing made of the developed fabrics. Three variants of cotton woven fabrics were designed, manufactured, and measured in the range of their chosen structural and utility properties. They were:
• two variants of two-layer fabrics,
• one variant of fabric with two layers of weft.
The results allowed analyzing the influence of the structure of the two-face woven fabrics on their properties.
Materials and methods
In the frame of the presented work, 3 variants of the two-face woven fabrics have been elaborated. The fabrics were made of 40-tex cotton yarn applied in warp and weft. Properties of the applied yarn are presented in Table 1 . Table 2 .
Figures 9-11 present the visualization of the structure of the elaborated fabrics. The visualization was prepared using WEAVE and 3-DTECG software. We can clearly see the way of connection of layers in particular fabric variants.
The fabrics were measured in the range of their mechanical and utility parameters influencing their functionality. The measurements were performed using the standardized test methods. Breaking force and elongation at break were determined using the Hounsfield tensile tester according to the standard PN-EN ISO 13934-1:2013-07. Bending stiffness of fabrics was measured by means of the cantilever stiffness tester [22] . Measurement was performed according to the standard PN-EN ISO 9073-7:2011. The elaborated fabrics were also measured in the aspect of their comfort-related properties. Air permeability was measured according to the standard According to Figure 7 According to Figure 8 (Fig. 12 ). In the case of elongation at break, all investigated fabric variants differ between each other (Fig. 13) . In warp direction, the highest elongation at break was stated for variant II, whereas in weft direction, it was stated for variant I. Such situation results from fabrics' weave. The highest breaking force of the fabric No. II can be explained by the fact that all warp threads have the same tension. In rest of fabric variants, 25 % of warp yarns are vulnerable to increased tension and elongation because of the tie-ups and tie-downs in contrast to threads without these function.
The lowest breaking force in weft direction was stated for the variant III. It can be caused by the lowest number of picks per unit length of the fabric and not uniform tension because of connecting both the layers of the fabric only by part of the weft threads.
The fabrics differ between each other in the aspect of bending stiffness. In warp direction, the highest bending stiffness was stated for the variant No. I and the lowest for the variant No. II. In weft direction, the highest bending stiffness occurred in the sample No. II. The values of the bending stiffness can be Thermal insulation properties of fabrics were measured by means of the Alambeta [1, 11, 12, 23 -27] . The Alambeta is a computer-controlled instrument for measuring the basic static and dynamic thermal characteristics of textiles. This method belongs to the so-called "plate methods," the acting principle of which relies on the convection of heat emitted by the hot upper plate in one direction through the sample being examined to the cold bottom plate adjoined to it. The instrument directly measures the stationary heat flow density (by measuring the electric power at the known area of the plates), the temperature difference between the upper and bottom fabric surface, and the fabric's thickness. 
Results and discussion
Parameters characterizing the mechanical properties of the developed two-face fabrics are presented in Table 3 . justified by the fabrics' structure. The differences in bending stiffness in warp direction result mainly from differences in warp density. The highest value of bending stiffness in warp direction occurred for the fabric No. I, with the highest number of warp threads in centimeters, and-in opposite-the lowest occurred for fabric No. II, which is characterized by the lowest warp density (Table 4) . Similar situation can be stated in weft direction. However, differences in the weft density are not so big to justify fully the differences in bending stiffness of fabrics in weft direction. In this case, the structure of the fabrics also plays significant role. Stiffness of fabrics refers to the resistance offered by a material to a force bending it [28] . Bending of the fabrics is influenced by the mobility of warp and weft yarns, which is connected with the yarn-yarn friction (Fig. 14) . Higher friction leads to lower ability of the yarns to slide past each other during yarn and fabric deformation diminishes. The weft threads in fabric No. II are entwined tightly by the warp yarns of both layers (Fig. 10) what can increase the friction between yarns and, in the same way, can cause higher stiffness of fabric No. II in weft direction.
The total bending stiffness is a resultant of bending stiffness in warp and weft directions (Fig. 15) . The highest total bending stiffness was stated for fabric No. I and the lowest for fabric No. III. Table 4 presents the values of comfort-related parameters of the investigated fabrics.
It is clearly seen that the fabrics differ significantly between each other in the range of their comfort-related properties.
The fabrics are manufactured from the same yarn: 40-tex 
where P v is the volume porosity, AM is the mass per square meter in kg m −2 , h is the fabric thickness in m, q is the fiber density in kg m −3 ( for cotton, it is 1,560).
Obtained results confirmed that there is a relationship between the air permeability and volume porosity of the investigated fabrics (Fig. 16 ).
The water vapor permeability of the fabrics is also different, but it is difficult to find straight relation between the fabrics and their structure. Probably, it is an effect of diversified geometry of pores between fibers, yarns, and fabric layers in connection with hygroscopicity of cotton fibers used in the fabrics.
The fabric No. III has the lowest thermal conductivity (Fig. 17) . It can be explained by the fact that the fabric is characterized by the highest volume porosity [25] . It means that in comparison with the fabrics No. I and II, the sample No. III has the lowest amount of fibrous phase in its volume. It is commonly known that the heat conduction in textiles takes place mostly in fibers [1, [29] [30] [31] . Thermal absorptivity of fabrics is a surface property [1, 11, 12, 23, 24, 26] . It characterizes the fabrics from the point of view of warm/cool feeling while first contact with human skin. Higher value of thermal absorptivity means cooler feeling. In the case of the investigated group of fabrics, the samples No. I and II are characterized by higher value of thermal absorptivity and, in the same time, are cooler to handle than fabric No. III (Fig. 18 ). In the case of the fabric No. I, it can be caused by the application of plain weave in fabric layers. Previously published investigations showed that fabrics of plain weave are characterized by the highest thermal absorptivity among groups of woven fabrics of the same structural parameters and weave different than plain [11] .
Thermal resistance of fabrics is on similar level (Fig. 19) . The highest thermal resistance was stated for the fabric No. III, which is characterized by the biggest thickness. Statistical analysis using the t-Student test showed that difference between the thermal resistance of the fabric No. III and the fabric No. II is statistically significant with the probability of 0.95. The difference between the thermal absorptivity of the fabric No. II and fabrics No. I and III is also statistically significant. In other cases, the difference between the thermal insulation properties of the investigated fabrics is statistically insignificant.
Generally, all fabrics are characterized by high thermal resistance what is the main purpose of the presented work. The thermal resistance of the elaborated two-layer cotton woven fabrics is much higher than that of typical one-layer cotton woven fabrics [1, 11, 24, 26] . For standard cotton woven fabrics of basic or derivative weaves, the thermal resistance is usually lower than 0.01 W −1 K m 2 , and very seldom; for fabrics made of coarse yarns, 60-100 tex, it is about 0.012 W −1 K m 2 . Owing to the two-layer structure of the fabrics, it was possible to achieve the cotton fabrics of thermal insulation characteristic However, the thermal resistance of the set of two adherent parallel fabrics was at the same level when compared with that of the fabrics presented in current article.
for fabrics applied in winter clothing. It allows combining the soft hand and hygienic properties of cotton fabrics with high thermal insulation.
Generally, it is very difficult to discuss the results. Majority of works published till now concerned the investigations of comfort-related properties of flat woven fabrics of basic or derivative weaves [1, 11, 24, 26] . Some articles concerning the double-layer woven fabrics [13, 18 , 21] were aimed at 
Conclusions
On the basis of the performed investigations, it was stated that weave and a way of layer connection significantly influences the properties of the two-layer woven fabrics. Investigated fabric variants were manufactured from the same yarn on the same loom at the same preliminary established warp and weft density. The differences in fabric structure resulted from the applied weaves of both layers and way of layer connection. Both factors influenced the relaxation process after taking off the fabrics from loom and the behavior of the fabrics in the finishing processes. In the same way, they influenced the final structure and properties of fabrics.
In the case of all investigated fabric variants, it was possible to achieve the thermal resistance much higher than that of the typical single-layer woven fabrics. It shows the capacity of the two-layer cotton woven fabrics to be a material for clothing that protects against cold, additionally ensuring soft hand and comfortable hygienic properties.
